This paper aims to quantify human adenovirus (HAdV), rotavirus species A (RVA), and hepatitis A virus (HAV) in surface water and sediments and to determine the viability of HAdV in these samples. Water and sediment samples were collected, and HAdV, RVA, and HAV were quantified by real-time polymerase chain reaction (PCR); HAdV was also evaluated for infectivity by a plaque assay (PA). For the water samples, HAdV was detected in 70.8% of the summer collections, with 82.4% containing infectious HAdV; the HAdV incidence in winter was 62.5%. For the sediment samples, the incidence of HAdV was 37.5% in the summer collections, with 66.7% containing infectious HAdV; the HAdV incidence in winter was 37.5%. RVA was detected in 20.8 and 45.8% of surface water samples collected in summer and winter, respectively, and 8.3 and 12.5% of sediment samples collected in summer and winter, respectively. HAV was detected only in surface waters, with 54.8 and 12.5% positivity in summer and winter samples, respectively. This study demonstrated that enteric viruses are present in water and sediments and that the presence of infectious viruses should be investigated whenever possible for quantitative microbial risk assessment studies. Combined analyses of water and sediments are important for reliable public health risk analysis of recreational and lagoon waters.
INTRODUCTION
The increasing contamination of water resources contributes to the unsustainability of water use worldwide. Climate change has exacerbated this situation, and it is expected that in some countries the predicted reduction in rainfall or alterations in the hydrological system may create or aggravate situations of water scarcity or stress (WATEFCON ).
Among water resources, coastal lagoons are considered socially and economically important due to their intensive use by humans and animals as water resources, sanitation tools and areas for swimming and recreation. Brazilian coastal lagoons are subjected to several types of anthropogenic uses and influences due to population pressure, contributing to the degradation of their water quality (Branco et al. ; Petrucio ; Hennemann & Petrucio ) . Indeed, lagoon surface waters, which are used for human consumption and recreational activities, are being contaminated by human and animal pathogens. These pathogens include enteric viruses, which replicate in the gastrointestinal tract, are excreted in feces at extremely high concentrations (ranging from 10 5 -10 13 viral particles per gram of stool), and often enter sewage (Bosch et al. ) .
This contamination occurs mainly as a result of unregulated direct or indirect discharge of domestic polluted sewage or its runoff from surrounding populations into lagoons (Donovan et al. ; Fongaro et al. ) . Viruses are difficult to detect in all aquatic matrices and are often associated with non-specific infections. In addition, viral epidemiology is usually difficult, as many cases of viral infections are not reported to medical authorities, which makes tracing the causes of outbreaks a challenging task (Percival et al. ) .
Nevertheless, the contamination of surface water by enteric viruses is a major public health concern related to water resources used for drinking and recreational purposes. This is due to the risks caused by these viruses, which can be acquired by drinking the water, by immersion in recreational water or by skin contact or inhalation if the water has been contaminated with sewage. The fate of these pathogens in the aquatic environment after they have been released into the surface water is controlled by sorption-desorption processes (Wong et al. , ) . Due to their size, colloidal particles appear to be the most important natural vehicle for suspended viruses in the water column, which occurs as a result of this sorption-desorption phenomenon (Gerba et al. ; Schwartzbrod ) . Estuarine sediments are considered the only refuge for solid-associated viruses from the water column, and settling may enhance the survival of these pathogens by reducing exposure to various stressors such as sunlight. In fact, it has been proven that viral abundance in sediment exceeds that in the water column by an order of magnitude (Danovaro & 
MATERIAL AND METHODS

Description of the study area
This study was conducted at Peri Lagoon and the Sangra- The Peri Lagoon has a surface area of 5.7 km 2 , is surrounded by mountains, and currently constitutes the main source of drinking water for the island inhabitants because it has no direct seawater influence. The waters of the lagoon drain into the Sangradouro River, which extends toward the south of the island, crossing areas of urban occupation and emptying into the ocean to the east between the beaches of Armação and Matadeiro. The river waters are used for the illegal deposition of sewage discharge from homes. The climate in the area is subtropical, with well-distributed rainfall throughout the year (1.85 mm annual rainfall), though rainfall is more frequent during the summer months than during winter (Cecca ). The lagoon was the first point of water collection in this study.
The second collection site, comprising points 2-6, was along the Sangradouro River. Points 2 and 3 contained sediment that mainly consisted of sand and sludge, whereas After stirring and centrifugation steps, the viral particles were eluted from the samples using glycine buffer (pH 9.5). The viral concentration was determined by PEG 6000 precipitation, as described by Lewis & Metcalf () . The pellet was suspended in 5.0 mL of 0.1 M phosphate buffer (pH 7.2).
Physicochemical analysis
Water temperature (WT), conductivity (Cond.), pH, salinity For sediment samples, total solids, volatile solids, suspended solids and humidity were measured according to APHA (). 
Extraction of viral nucleic acids
Nucleic acid extraction was performed using a QIAmp MinElute Virus Spin Kit (Qiagen, Brazil), following the manufacturer's instructions. In this method, total nucleic acids were eluted in 60 μL of elution buffer, collected in sterile nuclease-free centrifuge tubes and stored at À80 W C prior to analysis.
Quantitative PCR assay (qPCR)
For HAdV amplification, quantitative polymerase chain 
Viral recovery assay
Two experiments were performed in duplicate to evaluate viral recovery rates from the different types of samples used in this study. The water and sediment samples from all sites of collection were tested for viral recovery efficiency via spiking experiments, as follows. Water samples (2 L), sediment (20 g) and ultrapure water were inoculated with 8.0 × 10 6 GC mL À1 (genome copies per milliliter) of simian rotavirus-SA11 (RVA-SA11) and then concentrated and clarified using exactly the same protocols described above for the actual samples. Rotavirus recovery from the respective samples was then quantified by real-time PCR using the ().
The calculation of the RVA-SA11 recovery percentage (in number of genome copies) accounted for the original number seeded.
Plaque assay for HAdV
The A549 Briefly, the cells were incubated for 1 h at 37 W C in 5% CO 2 and gently rocked every 15 min for viral adsorption.
The inoculated cells were then carefully washed once with pre-warmed PBS and overlaid with warm high-glucose
Dulbecco's modified Eagle's medium (2×), 0.6% warm Bacto-agar containing 5% FBS, 0.1 mM sodium pyruvate, 10 U mL À1 penicillin, 10 μg mL À1 streptomycin and 26 mM MgCl 2 . The cells were incubated at 37 W C with 5% CO 2 for 7 days. At 1 week post-infection, the agar overlay was gently removed, and the cells were stained with 20%
Gram's crystal violet. The cell monolayer was examined using a microscope, and the plaques were counted and expressed as plaque forming units per mL (PFU mL À1 ).
Viral integrity test
To 
Statistical analyses
Statistical analyses were performed using GraphPad Prism 
RESULTS
Physicochemical analysis
The mean values of the physicochemical parameters measured for all samples from each collection point in both summer and winter are presented in Table 2 .
Viral recovery assay
The mean viral recovery rates, as determined by qPCR (GC units), were approximately 10% (8 × 10 5 GC mL À1 ) for the water and 46% (3.7 × 10 6 GC g À1 ) for the sediment samples.
Viral analysis
For the surface waters collected during summer, the incidence of HAdV was 70.8% (17/24), ranging from 6.9 × 10 5 to 2.4 × 10 8 GC L À1 . All 17 positive samples were found to have undamaged particles after nuclease treatment at concentrations ranging from 1.2 × 10 4 to 8.9 × 10 4 GC L À1 ; of these, 82.4% (14/17) contained infectious particles at concentrations ranging from 4 × 10 3 to 1.07 × 10 4 PFU L À1 . For the winter collections, the HAdV incidence was 62.5%
(15/24), ranging from 8.9 × 10 5 to 1.7 × 10 8 GC L À1 . Of these positive samples, 93.3% (14/15) had undamaged particles after nuclease treatment at concentrations ranging from 1.3 × 10 3 to 2.5 × 10 4 GC L À1 . No infectious units could be measured by PFU during the winter collections.
A two-way ANOVA was performed, and the mean results for HAdV GC for each point were statistically significant for both the summer and winter collections (P < 0.05), as shown in Figure 2 .
With regard to the sediment samples collected in summer, the HAdV incidence was 37.5% (9/24), ranging from 4.2 × 10 9 to 1.9 × 10 10 GC kg À1 . All positive samples were found to contain undamaged particles after nuclease treatment at concentrations ranging from 1.8 × 10 4 to 8.6 × 10 5 GC L À1 . Of these samples, 66.7% (6/9) contained infectious HAdV at concentrations ranging from 1.3 × 10 3 to 8 × 10 4 PFU kg À1 . The results of the winter collections revealed an HAdV incidence of 37.5% (9/24), ranging from 3.1 × 10 8 to 6.01 × 10 9 GC kg À1 with 100% (9/9) undamaged particles, ranging from 4.7 × 10 4 to 3.3 × 10 5 GC L À1 . No infectious units could be measured by PFU. The difference between the infectious and undamaged HAdV particles was statistically significant (Student's t-test, P < 0.05), as shown in Figure 2 . The difference between the total genomic DNA and intact
HAdV DNA was also statistically significant (Student's t-test, P < 0.05) in all cases. The log reduction was calculated by [log 10 (GC total × GC undamaged À1 )], and the general means of the log difference during summer and winter for the surface water samples and sediment samples were 0.81 ± 0.56 and 1.27 ± 1.59, respectively, as shown in Figure 3 . This log reduction was calculated using the following formula: log 10 reduction ¼ log 10 (GC t GC u À1 ), where GC t is the total number of HAdV particles (GC L À1 ) and GC u is the number of undamaged HAdV particles (GC L À1 ) (Student's t-test, P < 0.05).
The RVA incidence in the surface water samples collected during summer was 20.8% (5/24), ranging from 1.94 × 10 5 to 4.08 × 10 5 GC L À1 . In winter, this incidence was 45.8%
(11/24), ranging from 3.09 × 10 4 to 5.4 × 10 5 GC L À1 . For the sediment samples collected during summer, the RVA incidence was 8.3% (2/24), ranging from 1.73 × 10 2 to 2.12 × 10 2 GC kg À1 ; in winter, this incidence was 12.5% (3/24), ranging from 2.89 × 10 2 to 3.39 × 10 2 GC kg À1 (Figure 4(a) and (b) ).
The HAV incidence in the water samples was 45.8%
(11/24), ranging from 5.45 × 10 1 to 1.11 × 10 3 GC L À1 , and 12.5% (3/24), ranging from 1.61 × 10 2 to 2.75 × 10 2 GC L À1 , for the summer and winter collections, respectively. No HAV was detected in the sediment samples, as shown in The overall mean percentages of enteric viruses detected in the surface water and sediment samples from summer and winter collections showed that HAdV was the most frequently detected enteric virus, followed by RVA and HAV, as shown in Table 3 .
As presented in Figure 5 , the overall mean percentages for the seasonal occurrence of the three viruses showed that RVA was more frequently detected in both surface water and sediment during the winter season. In contrast, the frequency of HAV detected in the summer samples was higher than that in the winter samples, but only for surface water. HAdV was the most prevalent virus and showed no difference in seasonal prevalence. However, the seasonal distributions of these viruses were not statistically significant (Student's t-test, P > 0.05). RT-qPCR analysis of RVA and HAV revealed that these viruses were frequently present in surface water (prevalences of 33.2% and 29.2%, respectively). However, the low incidence of these RNA viruses in sediment samples (10.4% and ND, respectively) may be due to their weak adsorption onto sediment particles or their rapid inactivation in sediments.
DISCUSSION
Previous studies performed by Chung & Sobsey () and
Green & Lewis () reported a low incidence of rotavirus in sediments, and indicated that adsorption onto sediment may inactivate this virus. Other studies exploring HAV incidence in Brazil have also shown a low incidence in environmental samples (Rigotto et al. ) . However, Green & Lewis () reported a high incidence of HAV in sediment samples contaminated by wastewater (87.5%). The high incidence of these viruses in water samples collected from the collection points along the Sangradouro River indicate that these viruses may play an important role in the contamination of Peri Lagoon and alterations in this ecosystem.
RVA showed a marked winter seasonal peak (45.5% prevalence), which has also been reported in previous studies ( In the present study, HAV displayed a higher incidence during summer (45.8%). However, Chigor & Okoh () reported higher detection of HAV in South Africa during the winter and spring seasons (43%). Another study per- This study also highlighted the importance of evaluating the ecosystems interconnected with the Sangradouro River to enhance the safety of drinking water and recreational water sources in this environment. This water may otherwise pose a threat to the population that is mainly responsible for the degradation of its quality in this lagoon and neighboring waters.
